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Calculated loading rates of 1race metals into the three environmenial compartments demonsirare that human acniviies
now have major impacts on the global and regional cvcles of most of the trace elements. There is significant contaminarion
of freshwarer resources and an accelerating accumulation of 1oxic metals in the human food chain.

THE inventory of emissions from different industrial sources is
needed both in global mass balance models for trace metals and
also for relating the mesoscale vanations in aerosol concentra-
tion and composition 10 glabal circulation patterns. Estimates
of the source strengths are 2 necessary first step in the design
of pollution control programmes. and are aiso invaluable in the
assessment of the long-term ecological and health impacts of
the large quantities of toxic metals now being dispersed globally
in the different environmental companments'. One of us
(JON.) previously presented a global inventory of
anthropogenic emissions of Cd, Cu, Ni, Pb and Zn to the
atmosphere in 1975 {ref. 1). The present repon provides a
revision of the earlier data and extends the calculations 1o nany
more trace elements. We also present, for the first time, world-
wide inveniories of industrial: municipal discharges of trace
metals into soils and the aquatic ecosvsiems. The calculations
provide some perspective on the problem of ioxic metal
poliution as a global and regional issue.

Source function

The emission factors for the release of trace elements 10 the
atmosphere are shown in Table 1, and are based on the review
of emission studies in Western Europe, the United States,
Canada and the Soviet Union’. It is known' that poliution
control strategies in the developing countries are often less
stringent than those of Europe and North America. The emission
faciors used in this report may thus under-represent the global
raie of metal emissions. .

In most cases, the ranges in the emission factors listed in
Table 1 fall within a factor of 2-10. Basically, the range is
determined by (1) the concentrations of the trace elements in
the raw malerial; (2) the production technology employed in
the emitting industry, aad (3) the type and efficiency of the
pollution control installations. The concentrations of trace ele.
ments in industrial raw material and the associated airbome
wastes can obviously vary by more than & factor of 2-10. For
example, the As concentrations in coal range from 0.34 10
130 ugg”' and reach 1,500 ugg™" in some Czechoslovakian
lignites*. Such coals with extreme As levels sre used localiy for
domestic purposes and although they can be excluded in deriv-
ing the global As emission inventory, they certainly should be
considered in estimating the local or even national emissions.

Special attention has been given to deriving the correct
emission factors for various production technologies within the
same industry. This is particularly true of the high-temperature
processes employed in non-ferrous metal smelers (roasting,
smelting and refining steps), iron and steel production (electric
arc and basic oxygen furnaces versus the older open-hearth
plams), and wet versus dry kiln operations in the cement
industry, Refuse incineration is becoming a very important
source of trace metals in the atmosphere®, Because of the large
difference in the chemical make-up of the refuse inputs in various

countries, it is difficult to select a reasonable range of emissien
factors for this source and the vaiues used in this studs are ven
tentative. Metal applications in vanous industnies as well as
specific uses of cenain metals can also emit significant amounts
of trace metals; such contributions have been lumped under the
miscellaneous heading (Table 2).

Practically every industry discharges one trace metal or the
other into the water or soil. We have limited our imventory to
the principal industrial and commercial users of water and
producers of solid wasies. Extensive data bases currently exist
on the trace metal concentrations in industrial and municipal
solid wastes and aqueous eMuents (for example, see refs 5-19)
and the emission factors in Table 1 are based on a critical sunvey
of the published literature. In general. where the reported con-
centrations appearto be too high. the lower end of the concentra-
tion range has been adopted in this reporn.

The average serviceable lives of the major metal-containing
products are unknown. In estimating the loadings into the soils,
we have assumed, quite tentatively, that for the metals \namely
Mn, Mo, Ni, Sb and V) used primarily in manufacturing durabie
goods, only 1-5%, of their global production is wasied (discar-
ded, appiied or washed off due 10 corrosion! annuaih on land.
For Cd, Cu, Pb Cr and Zn which find significant applications
as fertilizer, pigment, lubricant or chemicals, the wastage rate
ts assumed to be 5-10% of the annual production figure. For
Hg (used extensiveiy as pesticide) and Se (widely used as an
additive in snimal and poultry feeds), the wastage raie is con-
servatively esiimated to be 10-15%. About 80-90% of the As
produced each year is applied on soils as agriculturai organic
pesticides.

It is impossible to place an error range on the calculated
inventories. The exact global value of the metal consumed or
waste generated are uniikely to difler from those used in this
repont by more than & factor of two or so; a single number rather
than a range in values for the annual global discharge or produc-
tion/consumption has been employed in this paper. The prin-
cipal uncertainty in calculating the contribution from each
source therefore stems from the wide range in metal concentra-
tions in the discharges. We have endeavoured to use the common
ranges in the reported concenirations and unlike most of the
previously reported inventories”™ %, we have eschewed the use
of an ‘average’ emission factor in the calculations.

Validation of the global and regional inventories of trace
metal emissions published by us has been encouraging. The
trace metal profiles (or records) in the Arctic snowfields™ . lake
sedimems and peats (see ref. 28 for a good overview), and
soils*>* are in reasonable accord with the calculated historical
changes in rates of anthropogenic emissions to the atmosphere”.
Using a mass balance receptor model, Pacyna er al’*** obtained
a good fit between the atmospheric concentrations at Ny
Alesund, Spitsbergen, and the estimated emissions of trace
metals for European sources. Such an agreement between the
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emisston estimates and the trace meial distribution in the
environment suggests that the model used inthe source inventory
does vield data that are of the right order of magnitude.

Atmospheric emissions

The emission factors and the statistics on global production or
consumption of indusirial goods have been used to calculate
the worldwide emissions of trace metals to the atmosphere
{Table 21. (A blank in this table implies an insignificant contribu-
tion from a panticular source.) For most of the trace elements,
the calculated total emissions vary by a factor of 2-3; the median
values are also shown and may be considered the "average’ rates
of global cmissions. ‘

Combustion of hard coal. lignites and brown coal in electric
power plants and in industrial, commercial and residemial bur-
ners is the major source of airborne Hg, Mo and Se and a very
significant source for As, Cr, Mn, Sb and T1. Combustion of
oil for the same purpose is the most important source of V and
Ni and is an important contributor of Sn. The non-ferrous metal
industry accounts for the largest fraction of Pb (in addition to
gasoline combustion}, As, Cd, Cu and Zn emitted. Chromium
and Mn are derived primarily from the iron and siee! industry
{see Table 2).

Our data generally differ from the emission rates that have
been reporied in the lirerature. Some of the previous studies
have not adequately assessed the important emission sources
and the emission faciors used have not slways considered the

differences in industrial processes and pollution control

strategies. For example, the emission rates reported by Lanuzy
and Mackenzie** are very differem from our estimates. They
caiculated the industrial emissions on the basis of published
chemical composition of metal-enriched, fine-grained aerosols,
and estimated the fossil fuel contributions assuming. quite
erroneously, that 90% of the metal concentrations in the oil and
coa! is reieased 10 the atmosphere. Their emission rate for lead
also excluded the very important automative contribution.
Previous estimates™¥*% of anthropogenic emissions of Hg
generally fall in the range 2,000-10,000 tonnes, and are in
enmt with our own inventory. The reporied As emission
rates of 23,600-28,000 tonnes’®2* fall close 1o the maximum
values in Table 2. The total {volatile + particulate) Se emission
of 6,700-8,300 tonnes recently reporied by Ross™® is in good
agreement with our own estimste of 3,020-9,625; it is gratifying
to note that the Se emission rate of 6,000 tonnes yr™ recently
reporied by Mosher and Duce® is identical to our own estimate
(see footnote, Tabie 2). The inventories for 1975 previously
reported by Nriagu® were $6,000, 449,000, 470,000 and 314,000
tonnes respectively for Cy, Pb, Ni and Zn. The current (1983/84)
emission rates for Cu, Pb and Zn are lower than those of 1975,
due mostly 1o the overail giobal reduction in the emission of
particulates by industries and the phase down in the consump-
tion of jeaded gasoline®. It seems that the rate for Ni in 1975
was underestimated.
Mean global emissions rates from natural sources have
recently been estimated 10 be (in tonnes per year} 7,800 for As,

1,000 for Cd, 5,400 for Co, 19,000 for Cu, $16,000 for Mn, 26,000
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average concentrations in these waters (based on 25% of the
median values in Table 4} would be increased by about 90 ng 1™
for Hg, 180 ngi™' for Cd, 800 ng 1™’ for Se and As, 2,200ng!™"
for Cu and Ni. ~2.500ng 1™ for Zn and over 4,000 ng1™' for
Pb. The background concentrations of trace metals in unpolluted
lakes and rivers (see refs 41-43 for example) are, in general,
several-fold lower than these expected increases. In other words.,
the current rate of worldwide indusinal inpuis greatly exceed
the baseline burdens of trace metals in the average lake and
river. Most of the efluent discharges occur in Europe. North
America and some Asian countries. implving that the contamina-
tion of the freshwater resources in these regions may be much
more severe than is generally realized. This problem has not
elicited much discyssion because (i} the available data bases
are often inadequate for assessing the degree of metal contami-
nation of many lakes and rivers, and (2} the short half lives of
trace metals (due 1o their rapid transfer to the sediments) tend
to reduce the concentrations of pollutant metals in the water
column™

Discharges into the soil

Qur inventory (Tabie 5) clearly suggests that soils are receiving
large quantities of trace metals from a wide varniety of industrial
wastes, The two principal sources of trace metals in soils,
however, are the disposal of ash residues from coal combustion
and the general wastage of commercial products on land. Urban
refuse represents an imponant source of Cu, Hg, Pb and Zn
with notable contributions of Cd, Pb and V also coming via the
atmosphere. The large volumes of wastes associated with animal
husbandry, logging as well as agricultural and food production
can affect the trace metal budget of many soils significantly
{Table %1, Although municipal s¢ewage sludge may not be a
particularly imponant source on a giobal scale, its trace metal
content is often so high that it is sometimes unsuitable for
disposal on land. On & local scale, municipai sewage represents
one of the mosL important sources of meta) contaminanon in
soils.

Il the total metal inputs were dispered uniformls over the
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for Ni, 19,000 for Pb, 66,000 for V, 46,000 for Zn (all from ref.
3} and 6,000 for Hg {ref. 24). The most recent estimate suggests
that 6,000-13,000 tonnes of Se are annually released to the
nmosphen from natural sources with 60-80% of the total Se
emission being of marine biogenic origin’®. A comparison of
these fluxes from nawral sources with the anthropogenic
emissions in Tabile 2 leaves no doubt as to the influence of
industrial activities on the atmospheric cycle of the trace ele-
ments. On average the anthropogenic emissions of As, Cd, Cu,
Ni and Zn exceed the inputs of these elements {rom natural
sources by sbout two-fold or more; in the case of lead, the ratio
of anthropogenic to natural emission rates is about 17,

Discharges into water

The main industrial use for water is in the cooling system. We
have, however, considered only the generation of contaminated
process waters in deriving the inventories in Tabie 4. The major
sources of trace metal pollution in aguatic ecosystems inciuding
the ocean are domestic wastewater effiuems (especially As, Cr,
Cu, Mn and Ni}, coal-burning power plants (As, Hg and Se in

far aboul 40% of the S released®™, the oW Se EMIBION 1t estimated 10 be 6,320 tonnes vs°~

particular), non-ferrous metals smelters (Cd, Ni. Pb and Se),
iron and steel plants (Cr, Mo, Sb and Zn) and the dumping of
sewage sludge (As, Mn and Pb). The atmosphere is the major
route of Pb emry in natural waten. a fact that has been weil
documented in the literature**-**. The atmosphere also accounts
for over 40% of the V loading, a surprising observation in so
far as little is currently known about the atmospheric chemisury
of this element.

We are not aware of any published inventory pertaining to
the giobal discharges of metal pollution into the aquatic ecosys-
tems; excellent studies on the marine cycle of 1race metals are
available however’**’, We infer from Table 4 that, for most of
the trace metals, the annual anthropogenic inputs into the water
exceed the quantities emitted 1o the atmosphere. Although air
pollution by toxic metals has been recognized as a matter of
concern, the impacts of loading large quantities of toxic metals
into the freshwater resources remain to be fully assessed on the
global or regional scale.

If #t is assumed that only 25% of the industrial eMuems are
discharged into Illm lnd rivers (total volume, l JAx10'%1), the
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Tabie §  WMorldwide emunions of 1race metaiy Mo soiis 107 kg yr”

Annual
global
discharge
Source caiegon (a0 g a3 cd Ct Cu Hy

Agne and food wasies (LM J-40 030 4.4-90 1-38 0-15%
Animal wasies, manure 23 1244 Cl-5d 10-60 14-80 0-0.2
Logging & other

wood » sty 1t 0-3.3 0-22 Ik 3182 0-2.2
Urban refuse L ] 0080~ OMYS 68-33 11-40 0-0.186
Mumapal sewage sludpe :0; 001-024 00-0M 14-1) 49-21 01-08
Muscellaneous organic

wastes Including e1creta noe 0-0.2% 0-091 0-01-048 00408 —
Solid wasnes, metsl miy e 00i-0.21 0008 O8%.2a 09879 0-0.04
Cousl By ash and

bottom Ay s 3,720 $7-3° LS ) 149-448 91.335  0.37-48
Fertilizer 168 0.002 003-02% 001-038 00%-058 -
Paat agnculiueal and

Tueh uses) ISt Q040 f 0-01t 004-019 01420 0-0.07
Wastagt of commercial Jo-41 078-14 30%-610C 39190 085002

productsit
Armotphens (allouth§ (ke 3408 =204 S8 14-16 Q41-43
Teotal input. wils $3-111 SN 1300 5411 6T L6=1S
Median value [ 12 19 954 [ %]
Ming tmiiings 1. 1. 1%-at - 202.767 Q5528
Smelter siags and

wanes' rm (RN 1] 16-32 - 3195780 005020
Tota! discharge on land 4130 Y943 — 1,198-2.94d  22.4k

Mn

Mo N Py Sh Se A Zn

14012 930 4adl 152" 0-% n.ot o 12- k40
50- 140 4.4 118 370 0-0F 0O4-14 RN 180324
18-104 0-33 1.3 6682 0.4 0-31 11-9¢% 1i.4%
To-47  022.44 Il.00 16-62  022-1%  004-062 - e
44,11 0.08.032 $0.23 2897 0044 UOI-01e OII-1F (AT
008-043 00864 O0F™-31 002.16 0-011 0-008 011.0°% (01121
041-4% O-0.16 0O3s-1% 45-11 a-¢ 16 0.019 00}-b 12 It
112-454

[ A LLE L] 56-279 %242 &2 41-80 11-¢*

G11-0.83 0-00 020-0% 042.22 - QQ-010 QOMBI1Y ¢ la-)
3.7 01%-07% 022.3% Des2 00420 4% G041 008.1° oL
100.300 08%.32 8.4-32 194-390  0.b-40 01-0.2 0b.2% LTS M)
Tas 0440 11.37 202-260 10-19 1.3-26 }i-n 4910
TOE=1633 30-148 T0e-S44 ATR-L113 4747 074 43311 208

1,670 1] pA] "9 b ) 4] 132 1002
- 2t-18 hoet? " } 130390 16-04 Q4041 19.14 194820
- 3.6t 12.8% 19t.000 b-18 01-02 lh-t0 10830
- JS06E N60-8T) RNAL | R9S 29.ET 64" 4826 e

*The emusion figures are detived (rom the piobal wane discharges and the estimated eMmunon facior grven in Table 2

* Denved from refl. 4%
= This cortespands roughly 10 the quantts of plants eaten By damesic anmahy**
I is assumed thas esch urbam resident genersins 80 ¢ refuwr per day '

believed that 20%

= Assuming that each ig of maetal processes or fabhcated yields 0.5 kg of m! and wasie

W

' per day o urhan ano rural commumines” 't lin

and that 25% of all the urban vefuse 1 InCIneraed

I Wordwide sewsge sludge producuon 1s esumaied to be 30 million wonnes, assuming srerage s idge production rate of 10 g per capua”
af the mumapal sludge is dird<tls diucharped or dumped N0 JQVALC c:onmm about 0% 14 inGinetated and e rest 1 0% 1 id disposed of on 1and
* This Agure represenis waste production In Aon-urtan Hea quisalem o about 24 g capua™!

]
1

** W have assumed that 75% of sach of thve trace metsls presens 1n coal'® ¥ 15 rmained in the a:hes  The snnual coal production Aigure 1s from Enciclopedia Brianmua Ann Supp!. |98”

1+ About 0% x 10* tonnes of peat are used (or agncuiture and #9 & 107 tonnes used for fuel We have assuMid That 7550 of the 1race Methls 10 1he pest burned are retained i iR ashes

11 We have propesed that 1-1%% of the 1ol annual production of Ihe Metals may B¢ dricarded 1low due 1o comovon for imuance:. or dipersed 10 sotls T10M YLBEE B3 ChEMICa1. PESICIAE,
crop preservaunes, e1c (ve st The producuon Agures used in million ionaes sre Caw 0014, AS.0, @006 Crrchromner= b9, Sha00). Comgdld Cy="0, raw ureis "1 Pheld

Ma=9e8 Hg=0004 Mow
§4 From Table 2. and the

mpuon specified 1n foo1note ( 1+ of the same 1abie

0063, NimObd phosphaie rock = 117, Sea 00014, Vo 00M. Znsb.2 ref 40

. Wt have astumed (he aversge tenar Tor P, Cu. o and 20 ot 10 0¢ 2-¢"c and that the tahngsy conten 027, of each of these slements For Mo and v the ofe Lenor w scsumed 10 be
02-1.5% and the tailings ore laft wih 0.0%% of tach elemem Typical are tenor for Hg 1 010 47, and the taiings are assumed 10 coman ¢ 02 Hy. For Cd. Ay, $b and St obtainec prmanh
5 By-products associated wilh base mataks, it s assumed that 20-30% of each mewas content of the ares are lefi in the 1slings

¢ The retention in smelter siags 1s esumated 10 be |- 5% of the Mg produced, 3-10% of the Pb. Cu, Ni, Zn. Mo and &, and 10-10% of the As, (d. 5b and S¢ produced

cultivated tand ares of 16 x 10°> m’ {ref. 45}, the annual rates
of metal application would vary from about 1.0gha™' for Cd
and Sb 10 about 50 g ha™* for Pb, Cu and Crto over 6Sgha™'
for Zn and Mn. Although discernabie increases have been noted
in the metal burdens of some surface soils®™*, the large back-
ground reservoir of trace metals generally obscures such huge
loadings from indusirial sources, Nevertheless, each soil has a
limited retention capacity for trace metals and there is growing
concern that many soils in Japan and central Europe either have
become or will soon become overioaded with toxic metals at
the current rate of anthropogenic input?****’. The technology
for decomaminating such soils has yet 1o developed.

Conclusions

The inventories presented here clearly show that mankind has
become the most imponan: eclement in the global bio-
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